In vitro ovarian follicle culture provides a tool to investigate folliculogenesis, and may one day provide women with fertility-preservation options. The application of tissue engineering principles to ovarian follicle maturation may enable the creation of controllable microenvironments that will coordinate the growth of the multiple cellular compartments within the follicle. Three-dimensional culture systems can preserve follicle architecture, thereby maintaining critical cell-cell and cellmatrix signaling lost in traditional two-dimensional attached follicle culture systems. Maintaining the follicular structure while manipulating the biochemical and mechanical environment will enable the development of controllable systems to investigate the fundamental biological principles underlying follicle maturation. This review describes recent advances in ovarian follicle culture, and highlights the tissue engineering principles that may be applied to follicle culture, with the ultimate objective of germline preservation for females facing premature infertility.
The ovary is composed of follicles: specialized reproductive units that support the development of the mature gamete. Each follicle varies in its fate, and the factors regulating follicle growth, death, and recruitment largely remain a mystery. In vitro follicle culture systems have facilitated research into the regulation of follicle development, 1-6 leading to improved understanding of reproductive function, disease, and potential therapeutic treatments for reproductive disorders. Recent applications of tissue engineering technologies to follicle culture have yielded novel systems that maintain follicle structure and improve follicle health in vitro. 7-9 Developments in the field of tissue engineering have produced numerous technologies and tools that may further enable the engineering of follicle culture systems to better mimic the environment of the ovary, thereby improving follicle health in vitro.
In vitro follicle culture techniques provide a useful model in which to study folliculogenesis, and may also provide a means to preserve reproductive potential for females facing premature infertility due to cancer therapies. Currently, the only widely accepted method to preserve fertility for these women is via embryo cryopreservation. Unfortunately, this is not a viable option for adolescent and single women, as well as women who are unable to undergo an in vitro fertilization (IVF) cycle due to the nature of the cancer or the need for immediate treatment. Successful cryopreservation of ovarian tissue from these women enables the storage of this tissue until later in life. A successful in vitro culture system would then support the development of this immature tissue to produce mature follicles and oocytes, which could be subsequently fertilized to produce viable embryos.
The first isolated follicle culture was performed in 1977, 10 and since this time much progress has been made in determining the proper in vitro conditions to support follicle development. Although existing in vitro culture models are well-suited to investigate the relationship between the microenvironment, cellular responses, and follicle maturation, these systems are still far from mimicking the natural environment of the ovary. The development of the ovarian follicle pool is a complex developmental process characterized by a dynamic interplay between ovarian cells and their environment. The coordinated activity of these stimuli functions to promote or inhibit follicle growth and atresia, and must be preserved in an in vitro system. Therefore, the in vitro environment must be tailored to provide follicles with the necessary signals present in the ovary, and must maintain the communication pathways within the follicle throughout development.
This review describes the development of follicle culture systems to date, and highlights the opportunities to apply tissue engineering technologies to follicle culture. We describe various biomaterials that may be useful in engineering novel culture systems, as well as techniques by which these materials may be manipulated to regulate the biochemical and mechanical environment surrounding the follicle.
FOLLICULOGENESIS IN THE MAMMALIAN OVARY
The ovarian follicle is the reproductive unit of the ovary, and consists of the oocyte and its associated somatic cells. The follicle pool within the ovary is composed primarily of dormant, primordial follicles, which contain an oocyte arrested at the diplotene stage of meiosis surrounded by a single layer of squamous somatic granulosa cells. Folliculogenesis begins as primordial follicles are gradually and continuously recruited to begin growth in a process which is not yet well understood. 11 Upon recruitment, the oocyte grows and the granulosa cells become cuboidal, at which time the follicle is termed a primary follicle. At the primary stage, the follicle contains a basement membrane surrounding the follicle outside the granulosa cell layer, as well as a clear glycoprotein layer between the oocyte and granulosa cells, termed the zona pellucida. Following the primary stage, the oocyte continues to grow and the granulosa cells proliferate to form multiple layers surrounding the oocyte. The resulting follicle is termed a secondary follicle. At this time, theca cells begin to differentiate and surround the follicle outside the basement membrane. Following puberty and the onset of follicle-stimulating hormone (FSH) production, follicles grow beyond this secondary stage. Granulosa cells continue to proliferate, and also differentiate to form cumulus and mural granulosa cells, which surround the oocyte and the interior of the basement membrane, respectively. The theca cells also differentiate to form the theca interna (a vascularized layer of secretory cells) and the theca externa (an outer layer of connective tissue). This mature follicle is then termed an antral or Graafian follicle, and will rupture upon stimulation with luteinizing hormone (LH), releasing the oocyte into the pelvic cavity. Although many follicles are recruited to begin development, most degenerate during development in a process termed atresia, and only a small number of follicles reach the Graafian stage and undergo ovulation. 11
Regulation of folliculogenesis is a complex and coordinated process. Follicle development is regulated by many endocrine and paracrine factors, 2,4,5 as well as the extracellular matrix (ECM) of the follicle. 12-16 Signaling between the oocyte and its neighboring granulosa cells has been shown to be essential to produce a mature, healthy oocyte, as well as for granulosa cell proliferation and differentiation. [17] [18] [19] The compartments of the follicle are separated, however, by the basal lamina and zona pellucida, which limit direct contact between ovarian cells. Bidirectional methods of communication must therefore exist 2,17,20-22 to allow for the exchange of these chemical factors. Specifically, gap junctions between granulosa cells and between granulosa cells and the oocyte allow for direct transport of factors between these cell types (Figs. 1A and 1B ). These interactions have been shown to establish polarity in the follicle, 23 and control oocyte development by transfer of metabolic substrates and meiosis-arresting signals. 17,24-26 Soluble factors secreted by granulosa and theca cells allow for interactions between these cell types (Figs. 1B and 1C) , and factors produced in the anterior pituitary (i.e., FSH and LH) arrive at the ovary via the circulatory system, where they regulate follicle development (Fig. 1D) . Finally, the ECM composition surrounding each cell type has been shown to regulate the function of these cells (Fig. 1E ). Cell-cell and cell-matrix interactions play a vital role in coordinating follicle development, and must therefore be preserved to support physiological follicle development in vitro.
DEVELOPMENT OF FOLLICLE CULTURE SYSTEMS
The first successful attempt to grow ovarian tissue in vitro was performed by Martinovitch in 1937. 27 In this study, whole mouse and rat ovaries were cultured on watch glasses in a primitive culture medium, and growth and differentiation of germ cells was observed in all cultures. Development of improved medium allowed for the first in-depth study of in vitro culture conditions by Eppig in 1977. 10 In this study, Eppig determined that only oocytes that remained within follicles demonstrated significant growth, demonstrating that oocytes must remain in contact with granulosa cells to grow and mature. This landmark study was the first successful attempt to culture isolated follicles in vitro. Since the publication of these results, many attempts have been made to improve the follicle isolation procedure and in vitro culture conditions to support follicle and oocyte development. [1] [2] [3] [4] [5] [6] In vitro culture systems can generally be categorized into two approaches. 1 The first is an attached follicle approach in which isolated follicles are placed on a two-dimensional surface and permitted to attach and spread on the surface. As illustrated in Figs. 2A and 2C , proliferating granulosa cells move away from the oocyte as they migrate onto the two-dimensional substrate. The second approach is the three-dimensional intact follicle approach, in which follicles do not adhere to a surface and therefore maintain their native architecture. As illustrated in Figs. 2B and 2D, increase in follicle size due to oocyte growth and granulosa cell proliferation occurs radially from the center of the follicle, as would follicle growth within the ovary. Although both approaches have produced live offspring 8,28,29 and have provided useful insight into the process of folliculogenesis, three-dimensional approaches maintain the cell-cell and cellmatrix interactions, which are critical regulators of follicle development (Fig. 1) .
Two-Dimensional Follicle Culture Systems
Two-dimensional attached follicle culture has been used to culture isolated follicles in a variety of studies. [30] [31] [32] [33] [34] [35] [36] [37] [38] In such systems, isolated follicles are placed on a two-dimensional surface of either tissue culture plastic or surfaces coated with molecules such as collagen or polylysine. 39, 40 The follicles attach to the surface and the proliferating granulosa cells break through the basement membrane and migrate onto the culture surface, resulting in a diffuse morphology, 30 as illustrated in Fig. 2A . Although these systems have proven successful in producing quality oocytes and live murine off-spring, 28,29 they have not been able to support normal follicle development in bovine, 41 ovine, 42 or human systems. 43, 44 Maintaining the associations between the oocyte and granulosa cells is more difficult in these large animal species because their follicles reach a much larger size and require a longer time in culture. 6 This disruption of follicle architecture must be overcome to create a system for use in human fertility preservation, given that cell-cell and cell-matrix interactions play a role in follicle and oocyte development. 17
Three-Dimensional Follicle Culture Systems
Three-dimensional culture of ovarian follicles maintains the morphology of the follicle and the cell-cell and cell-matrix interactions within the tissue. 7,45 Three-dimensional systems may also have an advantage in overcoming the difficulty of maintaining follicular structure for large species. 3, 6 In the case of human follicles, culture in a three-dimensional collagen gel promoted follicle growth, whereas follicles on a two-dimensional collagen-coated surface only maintained their original size. 46 Approaches toward maintaining follicular architecture by preventing follicle adhesion include daily transferring of the follicle, 47 use of membrane inserts, 48 rotating walls and orbiting test tubes, 49 inverted drops, 50 or gel encapsulation. 49, 51,52 Each of these culture systems is summarized in Table 1 . Of these systems, most maintain three-dimensionality by limiting the access of follicles to an adhesive substrate, whereas two of the systems encapsulate the follicle in a three-dimensional matrix. In these latter two systems, the encapsulating matrix provides a defined substrate to the follicle in a three-dimensional geometry (Fig. 2B) . The original report describing collagen encapsulation of follicles did not report oocyte quality, and no antral follicles were observed after 14 days of culture. 51 No additional studies using this system have been reported. In the alginate system, however, follicles have been able to grow, 52 produce fluid-filled antral cavities, 9 and produce meiotically competent oocytes, 7,53 which were successfully fertilized and implanted to yield multiple live births of healthy mouse pups. 8 Alginate has been widely studied as a matrix in a variety of tissue engineering applications, but investigation of the utility of alginate and other biomaterials in follicle culture is severely limited. The field of tissue engineering has yielded many new technologies that could be applied to three-dimensional follicle culture, which has the potential to yield a new generation of advanced culture systems.
TISSUE ENGINEERING IN FOLLICLE CULTURE
The growing field of tissue engineering combines cells, materials, and biological signals to repair, maintain, or enhance tissue function for regenerative and replacement therapies. 54 Tissue engineering has revolutionized scientific understanding of the effects of an artificial environment on cellular function, and has produced novel technologies to direct tissue development. Each engineered tissue has different requirements for metabolism, growth factors, ECM, and mechanical characteristics. Engineers have developed novel techniques to meet these needs, which have many applications both in research and in clinical use for the repair and regeneration of damaged tissues.
Engineering the proper microenvironment to support ovarian follicle development in vitro is a task that presents unique challenges and opportunities. To date, little tissue engineering technology has been applied to follicle culture. As described previously, few attempts have been made to culture follicles in three-dimensional matrices. 46,51,52 Providing controlled environments for follicle development can provide novel tools to investigate environmental factors that promote ovarian tissue development; little is understood about this application due to challenges in performing these studies in vivo. The development of an in vitro follicle culture system represents a unique opportunity in tissue engineering. Most tissues have an extensive vasculature that is required for providing nutrients and growth factors, and removing wastes. However, follicles are not vascularized inside of the theca layer and thus nutrients can be provided by simple diffusion in vitro. Most engineered tissues must be grown or eventually implanted in vivo, which produces the additional challenges of long-term biocompatibility, matrix degradation, vascularization, and integration with existing tissue. 55 The clinical goal of in vitro follicle maturation is to produce a mature oocyte, which can then be fertilized and subsequently implanted. Therefore, a successful follicle culture system will not be hindered by implantation-related challenges.
When applying tissue engineering technologies to follicle culture, a variety of questions must be considered. First, what type of biomaterial will best suit the needs of the follicle? Second, what biochemical signals must be provided to the follicle, and what effect will the matrix have on the transport and presentation of these factors? Third, what are the mechanical needs of the follicle throughout development, and how can the matrix be manipulated to provide these properties? These questions are addressed in the subsequent sections.
Biomaterials for Follicle Culture
The first challenge in developing a follicle culture system is to determine the appropriate biomaterial for follicle encapsulation. Materials used in tissue engineering applications range from metals to ceramics to polymers, with the best material based on the specific requirements of each tissue. The ovary is a soft tissue, and the biomaterial used for culture must allow for expansion of the follicle. Naturally occurring polymers (such as collagen, fibrin, hyaluronic acid, and alginate), and synthetic polymers [such as polyethylene glycol (PEG), poly(lactic acid), and poly(glycolic acid)] have proven useful in tissue engineering applications. Advantages of natural materials include biocompatibility and bioactivity, whereas synthetic materials are advantageous due to the ease in control of mechanical and degradation properties, and offer versatility in designing an exogenous ECM with well-defined properties. 55 A matrix for follicle culture must enable easy encapsulation with retention of viability, allow transport of nutrients and hormones toward and away from the follicle, permit follicle expansion, and provide for follicle collection at the end of culture. To investigate the role of specific factors of the microenvironment on follicle development, a material that can be readily manipulated to present a variety of mechanical and chemical signals is desirable.
CANDIDATE MATERIALS FOR FOLLICLE CULTURE SYSTEMS-Many
potential materials are available that meet a majority of these requirements, including PEG, agarose, collagen, Matrigel (BD Biosciences, San Jose, CA), and alginate, for example. These materials are hydrogels, which provide a compliant matrix for follicle expansion. The properties of each of these potential materials are outlined in Table 2 . Although the mechanical properties of PEG and agarose may be appropriate for follicle culture, the gelation and digestion options may harm the follicle during encapsulation. Ultraviolet light, harsh chemical agents, and high temperatures, which are used to crosslink the materials, have the potential to harm cells. In the case of PEG, a method for degradation would have to be developed to provide for follicle extraction at the end of culture, given that the cross-linking is not reversible. Collagen and Matrigel (solubilized basement membrane containing a variety of ECM proteins) possess increased potential as biomaterials for follicle culture. Their mechanical properties will allow for follicle expansion, and their innate bioactivity (via binding cell membrane integrins) may be beneficial to follicle culture. Unfortunately, the enzyme treatments required to extract follicles from these matrices will potentially digest the ECM within the follicle itself, thereby harming the follicle. In addition, the innate bioactivity of these materials limits the studies that may be performed to investigate the effects of extracellular factors on follicle development. Alginate is a promising material for use in follicle culture because of its gentle gelation and straightforward dissolution, which is discussed greater detail in the following section.
ALGINATE AS AN ENCAPSULATING MATRIX-Alginate, a naturally derived polymer produced by brown algae, has many characteristics of an ideal material for follicle culture. Alginate is a block copolymer of α-L-guluronic acid (G) and β-D-mannuronic acid (M), and contains blocks of purely G, purely M, and alternating G and M monomers. 56,57 In the presence of calcium, the G-blocks of alginate crosslink, forming a hydrogel. Therefore, alginate Table  2 ). In addition, alginate can be degraded by binding calcium with a chelator such as ethylene glycol bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA). However, calcium chelation can affect gap junctions and may adversely affect the follicle during retrieval. An alternative approach to removing the follicle is to degrade thealginate polymer with alginate lyase, an alginate-specific enzyme. Alginate has also been widely used for tissue engineering applications, 58,59 and therefore many methods to manipulate the mechanical properties, 60-62 degradation, 63 and biochemical activity 62,64 (via coupling of bioactive molecules) have been developed. Alginate itself does not interact with integrins of mammalian cells, which allows for the introduction of well-defined signals (i.e., ECM proteins or peptides) for the study of the effects of specific ECM components on follicle development. Research has demonstrated that follicles encapsulated in alginate beads maintain their three-dimensional structure relative to two-dimensional culture systems (Fig. 2C and 2D ). In addition, follicles cultured in alginate are able to produce fertilizable oocytes in an alginate matrix, 52 and live mouse pups have been born using these follicles-the first live births produced using a three-dimensional culture system. 8 The ability to tailor the matrix surrounding the follicle provides a well-defined environment in which the effects of specific ECM-integrin interactions on follicle development can be investigated.
Biochemical Signals to Direct Follicle Development
The signals necessary for follicle development must be presented within the context of the biomaterial. Both soluble and insoluble signals are known to regulate follicle development, 5, 12,16 and must therefore be provided to the follicle in the proper form and dose. Soluble signals are generally easy to incorporate into in vitro systems because they can be added to culture media. The transport of these signals to the follicle is complicated, however, by the encapsulating matrix. The biomaterial surrounding the follicle may slow or prevent the transport of media factors to the follicle, and may also hinder the diffusion of waste products from the follicle. 65,66 In addition to soluble factors, insoluble signals (i.e., ECM proteins) are present in the ovary, and may be necessary in the engineered matrix to direct follicle development. A variety of approaches have been taken to incorporate ECM components, including proteins and peptides, into engineered matrices. The presentation of the proper combination of biochemical signals to direct follicle development will improve follicle development in vitro. SOLUBLE SIGNALS-Within the context of the ovary, the follicle receives soluble signals from ovarian cells as well as the blood supply. Autocrine and paracrine factors produced by ovarian cells diffuse away from the follicle in two-dimensional in vitro culture. Encapsulating cells in a three-dimensional matrix may limit the escape of these factors from the follicle microenvironment, thereby improving the effectiveness of these factors on the growing follicle. Factors arriving at the ovary via the blood supply must be added to culture medium for in vitro culture. Factors such as FSH, LH, and a variety of growth factors are known to regulate many aspects of follicle development, 1,4,5 and may be necessary in in vitro systems. To successfully deliver soluble factors to encapsulated follicles, the size and chemical properties of the factors and the matrix must be considered. The pores or mesh size of the matrix must be sufficiently large to allow for the transport of these proteins from the culture media to the follicle. In addition, the factors may interact with the polymer backbone that comprises the hydrogel, inhibiting transport. These interactions are based on van der Waals, hydrophobic, and electrostatic interactions that could either repel the factors or promote adsorption to the matrix. Previous studies have demonstrated that the matrix type, concentration, and gelation treatments affect transport of molecules through the matrices. 65,66 In the case of alginate, for example, varying the concentration of alginate (1.5 to 3%) and the gelation time in a calcium chloride solution (1 to 5 minutes) significantly affects transport properties of large molecules (greater than 1300 Da). Transport of smaller molecules, which included oxygen, glucose, and vitamin B 12 , was not affected by changes to the alginate preparation. 66 Matrix type also affected transport, given that molecules diffused through agarose gels more quickly than alginate gels. 66 The transport of these and other relevant growth factors must be examined in any engineered environment, as growth factors will be an important component of culture systems to investigate the independent and synergistic effects of such factors on follicle development.
INSOLUBLE SIGNALS-In addition to soluble signals, the ECM within the ovary is believed to regulate the function of follicular cells. 12,14,16,67 The matrix within the ovary is diverse in composition and participates in follicle growth, corpora luteal development and regression, cell migration, division, specialization, differentiation, death, antrum development, oocyte maturation, and angiogenesis. 12,68 The composition and function of the ovarian ECM is much less understood than that in other tissues, but recent and ongoing research is providing insight into this field. 12,16,69-73
The role of the ECM for the in vitro culture of follicles is two-fold. First, the ECM regulates cellular function and differentiation within the follicle in vivo, and maintenance of the endogenous cell-ECM interactions in three-dimensional culture will facilitate ECM signaling in vitro. Several reports have begun to define the ECM within the follicle, and demonstrate the important role of ECM signaling throughout folliculogenesis (reviewed by Irving-Rodgers and Rodgers 12 and Rodgers et al 16 ). Second, determining the necessary ECM components in the outer layers of the follicles will allow for the design of a bioengineered matrix containing exogenous ECM molecules. The isolation of follicles disrupts the cell-ECM interactions in the outer layers of follicular cells, and providing the proper ECM in an in vitro system may better support these cells, and therefore improve the quality of the follicle in culture.
ECM can be incorporated into tissue engineering scaffolds through multiple approaches. Natural materials, such as collagen and Matrigel, are themselves composed of ECM proteins and provide innate interactions with encapsulated cells. Other matrices, such as PEG and alginate, do not possess these innate interactions, and must be modified to mimic more effectively the ECM in vivo. Both intact proteins and small peptides have been coupled covalently to tissue engineering polymers to convey bioactivity in tissue engineering systems. 59,74-78 Peptides are advantageous because their small size allows for relatively straightforward chemical manipulation and tethering to biomaterials via chemical reaction. Whole proteins, however, better mimic the native ECM by presenting cells with multiple interactive peptide sequences, including binding and synergistic sites. In the case of follicle development, the incorporation of ECM proteins (collagen I and IV, fibronectin, and laminin) or the arginine-glycine-aspartic acid (RGD) peptide into an alginate matrix affected follicle growth and differentiation, as well as oocyte quality. 7
Matrix Mechanical Properties
Although ECM signaling did influence follicle development, the mechanical properties of the three-dimensional matrix have been shown to have an even greater role in supporting follicle development. 9 Mechanical stresses affect cell behavior in a variety of tissues, 79,80 including those not typically considered to be mechanically challenged. [81] [82] [83] [84] [85] Mechanotransduction is an important factor in regulating tissue development, but the molecular basis of this process has been investigated only recently, and much remains unknown. 86-101 Potential mechanisms for mechanotransduction involve autocrine mechanoregulatory circuits or guanosine triphosphatase-dependent mechanisms, but many details remain to be determined. 81, 83, 102 In the case of the follicle, the pressure exerted by the surrounding matrix may affect actin organization within the follicle, likely activating one or more of these mechanoresponsive pathways. In a three-dimensional system, cell-cell and cell-matrix interactions are maintained; therefore, a mechanical force applied to the cells at the exterior of the follicle will be transmitted to all cells within the follicle to influence development and maturation.
Variations in the mechanical properties of hydrogels regulate tissue formation in engineered tissues 103-105 by directing cell survival, proliferation, differentiation, and migration rates. Interestingly, matrix elasticity regulates differentiation of stem cells, and in the long term, commit the cells to their respective lineages such that they are not reprogrammed by the addition of soluble induction factors. 106 In this study, matrices mimicking the mechanical properties of brain, muscle, and bone were neurogenic, myogenic, and osteogenic, respectively. Many methods have been used to regulate the mechanical properties of polymer matrices, including the concentration of the polymer, the type and properties of their constitutive monomers, cross-link type and density, and the molecular weight of the polymer. In addition, manipulating the degradation rate of the hydrogel can enable a controlled reduction in the matrix elasticity. 63 These techniques have produced matrices tailored for the specific mechanical needs of a variety of tissues.
In the case of the ovarian follicle, the matrix must have sufficient rigidity to maintain the threedimensional structure of the follicle, yet must also allow for expansion due to oocyte growth, granulosa cell proliferation, and antrum formation. Forces are generated by follicles in threedimensional matrices because the growing follicle exerts an outward force on its surrounding matrix, which is reciprocated by the surrounding matrix at a magnitude dependent upon the stiffness of the matrix and the force exerted by the follicle (Fig. 2B) . The resulting increased pressure on the follicle may account for the apoptosis and/or the decreased proliferation rates of follicle cells in relatively incompliant matrices, as is the case in other tissues. 82 Studies investigating the role of alginate consistency on follicle development have indicated that the environment surrounding the follicle can be defined as permissive and nonpermissive, based on the environments ability to regulate not only follicle development but also the behavior of individual cells of the follicle and the quality of the oocyte. 9
Permissive three-dimensional matrices for follicle encapsulation support morphological changes during development, cellular differentiation, and enzymatic activity. 9 In this study, follicles were cultured in alginate of varying density (0.25 to 1.5% w/v) for a period of 12 days. Steroid levels were monitored during culture, and RNA was isolated for gene expression analysis. At the end of culture, oocytes were collected for fertilization, and fertilization rates and embryo development were assessed. In permissive (low density) matrices, follicles demonstrated increased granulosa and theca cell proliferation and differentiation, and demonstrated increased growth due to proliferation and antrum formation. In addition, oocytes from follicles cultured in 0.25% alginate demonstrated the highest rates of fertilization and blastocyst formation. Interestingly, the results of this study demonstrated the high degree of coordination between the follicle compartments, which occurs during follicle development in vitro. Specifically, luteinizing hormone/choriogonadotropin receptor (Lhcgr) gene expression was upregulated in 0.25% alginate matrices, which correlated with increased antrum formation, oocyte fertilization, and blastocyst formation rates. Androstenedione production also increased with decreasing alginate consistency, even though no LH was added to the system. Such results may demonstrate a change in the autocrine and paracrine factor regulation within the follicle in permissive culture environments. Taken together, the results from this study demonstrated that low-concentration alginate provides a more permissive environment for follicle development relative to higher concentration matrices. Determining the appropriate mechanical environment at each stage of follicle environment will be necessary to the development of a three-dimensional encapsulated follicle culture system.
FUTURE DIRECTIONS
To date, in vitro follicle culture systems have facilitated research to better understand the complex process of folliculogenesis, and have demonstrated potential as a means of germline preservation. Follicle development is a dynamic process, and the field of tissue engineering has produced novel technologies that may be useful in engineering designer microenvironments to support and coordinate follicle development in vitro. Determining the ideal biomaterial, biochemical signals, and mechanical properties to support folliculogenesis will greatly improve the potential research and clinical applications of in vitro systems. Follicle culture holds promise in developing fertility-preserving therapies for cancer survivors, as well as for the in vitro study of folliculogenesis. Application of tissue engineering technologies to ovarian follicle maturation provides an opportunity to overcome this challenging endeavor.
Clinically, follicle culture systems may provide options for germline preservation for female cancer patients. Advances in cancer therapies have improved survival rates for patients, and current treatments can cure more than 90% of children and adolescents affected by cancer. 107 In fact, by 2010 it is estimated that one in 250 adults will be survivors of childhood cancers. 108 Unfortunately, these life-saving treatments often lead to infertility. Currently, the only widely accepted method for fertility preservation for females is via embryo cryopreservation. This avenue requires the female to be of reproductive age, have a male partner with whom they would like to have children, and be able to delay cancer treatment to complete an IVF cycle. For females unable to meet these criteria, options for fertility preservation are limited. 3, 109-113 Avenues investigated have included cryopreservation of whole ovaries, ovarian cortical strips, whole follicles, or oocytes for later use by transplantation or in vitro development and fertilization. Transplantation of cryopreserved ovarian tissue in women has recently led to pregnancy and birth of healthy offspring, 114,115 but success has been limited. To date, the development of primordial follicles to produce fertilizable oocytes and live births has been achieved only in mice. 8,28,29 Although attempts have been made in humans, they have yet to be successful. 3 Improvements to in vitro follicle culture systems, along with improved cryopreservation 116 and follicle isolation 117 techniques, may provide a viable avenue for the maturation of cryopreserved immature ovarian follicles in vitro for subsequent fertilization and implantation to preserve reproductive options for female cancer patients.
In addition to germline preservation, follicle culture techniques may also revolutionize approaches to treat female infertility. Current methods such as IVF require ovulation induction therapy. These hormonal treatments may lead to ovarian hyperstimulation syndrome, a potentially life-threatening disorder. 118 In addition, ovulation induction produces a limited number of oocytes, many of which may not produce viable embryos. In vitro culture systems may allow for the maturation of immature follicles for subsequent oocyte collection and fertilization. If a viable human in vitro follicle culture system is developed, a small portion of the ovary could be removed laparoscopically, and follicles could be cultured and observed to yield fertilizable germ cells. This approach may also potentially allow women to delay childbearing until later in life due to lifestyle or other reasons.
In vitro follicle culture systems have many potential clinical and research applications, but improvements to current technologies are needed to make these applications a reality. The application of tissue engineering techniques to follicle culture have already led to improvements to culture system technologies, and further improvements may one day produce culture systems capable of producing successfully maturing human ovarian follicles.
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